We used two recombinant plasmids, one containing wild-type simian virus 40 DNA (pSVR1) and the other containing a simian virus 40 genome with a defective origin of replication (pSVR1-origin-minus) to transfect NIH3T3 cells. Quantitation of T-antigen synthesis by indirect immunofluorescence at 48 h after transfection with either DNA revealed the same percentage of T-positive nuclei. The transformation frequencies observed were also similar with both plasmids. Immunoprecipitation of [35S]methionine-labeled cell extracts showed the expected 94,000-dalton (94K) T and 17K t antigens in all clones examined. In pSVR1-generated transformants, a 100K super T antigen was also detected. Transformants isolated from pSVR1-origin-minus transfection, however, never expressed this 100K super T antigen, and some of these clones originally also showed greatly reduced levels of 94K T antigen. However, after growth in culture for several generations, the levels of 94K T antigen synthesis in these underproducer clones were dramatically increased. A direct correlation between the amounts of T antigen synthesized and the ability to grow independently of anchorage was observed. The mechanism which brings about increasing levels of T-antigen synthesis in some of the clones is not clear, but it appears not to be due to changes in either the copy number or the methylation pattern of the integrated simian virus 40 DNA.
We used two recombinant plasmids, one containing wild-type simian virus 40 DNA (pSVR1) and the other containing a simian virus 40 genome with a defective origin of replication (pSVR1-origin-minus) to transfect NIH3T3 cells. Quantitation of T-antigen synthesis by indirect immunofluorescence at 48 h after transfection with either DNA revealed the same percentage of T-positive nuclei. The transformation frequencies observed were also similar with both plasmids. Immunoprecipitation of [35S] methionine-labeled cell extracts showed the expected 94,000-dalton (94K) T and 17K t antigens in all clones examined. In pSVR1-generated transformants, a 100K super T antigen was also detected. Transformants isolated from pSVR1-origin-minus transfection, however, never expressed this 100K super T antigen, and some of these clones originally also showed greatly reduced levels of 94K T antigen. However, after growth in culture for several generations, the levels of 94K T antigen synthesis in these underproducer clones were dramatically increased. A direct correlation between the amounts of T antigen synthesized and the ability to grow independently of anchorage was observed. The mechanism which brings about increasing levels of T-antigen synthesis in some of the clones is not clear, but it appears not to be due to changes in either the copy number or the methylation pattern of the integrated simian virus 40 DNA.
Simian virus 40 (SV40) encodes two early proteins, large T and small t antigens, with molecular weights of 94,000 (94K) and 17K, respectively (34) . Both proteins are derived from a single transcript whose 5' end lies near the viral origin of replication.
The large T antigen has been shown to be involved in transformation, in some cases including maintenance of certain transformed phenotypes in nonpermissive cells (34) . T antigen also participates directly in many biochemical events, including initiation of viral DNA replication in lytically infected permissive cells (30) , down-regulation of early RNA synthesis (22, 31) , activation of host ribosomal genes (28) , stimulation of cellular DNA synthesis (13) , provision of adenovirus helper function (6) , highaffinity binding to specific DNA sequences at the SV40 origin of replication (32) , in vitro ATPase activity (33) , and formation of a stable complex with a cellular 54K phosphoprotein (18) .
In comparison the functions of small t antigen have not been clearly defined. Studies with deletion mutants that do not produce t antigen, but only T antigen, reveal that t is necessary for the full expression of some of the above functions of T. It has also been suggested that t antigen may have a role in transformation, perhaps as a hormone (25) . Recently, Rubin et al. (23) showed that a recombinant plasmid that makes only t was unable to function in abortive transformation assays with a variety of cell lines. However, mixed infection with a T-producing, t-deletion mutant led to permanent transformation, again suggesting that t itself has an adjuvant or promoting role in transformation by SV40 T. Variant-sized SV40 large T antigens have been helpful in distinguishing the molecular requirements for the different functions of T in lytic growth and in transformation. For example, transformed mouse cells sometimes contain a variant 100K T antigen in addition to the T and t antigens (2, 27) . The presence of this variant lOOK T antigen is well correlated with anchorage-independent growth in SV40-transformed mouse cells (2) . Recently we and others (24; S. Chen, G. Blanck, and R. Pollack, submitted for publication) have shown that in SVT2, an SV40-transformed BALB/c 3T3 cell line contains only an off-size early region of SV40 about 4.4 kilobases (kb). The only detectable virusspecific protein is 100K. Upon subcloning or passaging in culture, a normal-sized early region of 2.7 kb and lytic size 94K T and 17K t are detected (Chen et al., in preparation) .
To further clarify the mechanism of T in maintaining the transformed state, we and others have used SV40 mutants constructed by directed mutagenesis. For example, Gluzman et al. (9) have shown that the lytic and transforming functions of large T can be genetically separated. More recently, temperature-sensitive mutants of SV40 and a nonconditional mutant of SV40 have been described, which also retain the ability to transform rat cells, but are unable to replicate SV40 DNA (7, 21, 29) .
Most recently, mutations have also been constructed which eliminate the SV40 replication origin function. For example, an SV40 mutant that lacks six nucleotides at the BglI site in the SV40 replication origin is unable to replicate its DNA (10) . This mutant is able to express its early genes and to transform permissive monkey cells (8) and semipermissive human fibroblasts (26) . This origin-defective SV40 has an enhanced transformation ability in human fibroblasts compared with that of wild-type virus (26) .
In the present study we have examined the transformation activity in mouse cells of a newly constructed origin-minus SV40, by using plasmids containing either the wild-type SV40 or origin-minus SV40. The expression of T, t, and the variant T proteins in the resulting transformants was analyzed by immunoprecipitation with hamster anti-SV40 tumor serum and sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The growth properties of the isolated transformants were also studied. (11) . Colonies that were positive were further screened by restriction endonuclease digestion of small-scale plasmid preparations. The resultant plasmid (pSVR1-origin-minus) has a one base transition and a net insertion of 4 base pairs. The structure of the origin of replication region of this plasmid is shown in Fig. 1 anchorage-independent colonies were picked from these dishes for further studies. At 48 h after transfection cover slips with either NIH3T3 or CV1 cells were scored for T antigen-positive cells by nuclear immunofluorescence.
MATERIALS AND METHODS

Cells
Replication and production of SV40 by the plasmid DNA. To check for SV40 DNA replication, permissive monkey cells were infected with either the wild-type (pSVR1) or mutant SV40 plasmid (pSVR1-originminus). Low-molecular-weight DNA was collected by the Hirt method (14) 72 h posttransfection, separated on 1.5% agarose gel, transferred to nitrocellulose paper, and hybridized to 32P-labeled pSVR1 probe as described elsewhere (la).
To examine virus production, the cell lysate was collected 10 days after transfection of plasmid DNA into CV1 cells, freeze-thawed three times, and used to infect fresh plates of CV1 cells. After 48 h the infected cells were labeled with [35S]methionine for 2 h, and cell extracts were prepared, immunoprecipitated with hamster anti-SV40 tumor serum, and analyzed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described previously (2) .
Analysis of the integrated SV40 DNA in NIH3T3 cells. Genomic digests and Southern blotting were carried out as described previously (la, 35) .
RESULTS
Origin-minus SV40 mutant is unable to replicate or yield virus. Six nucleotides have been deleted at the BglI site. (0.67 m.u.), and 10 bp of Bam linker inserted at this site. This substitution resulted in the replacement of the BglI site with a BamHI site flanked by two new HpaII sites (Fig. 1) . To test the ability of this SV40 mutant to replicate in permissive monkey cells, the following experiments were carried out.
The plasmid was linearized by EcoRI digestion and transfected into CV1 cells by the diethylaminoethyl-dextran method (20) . At 72 h posttransfection, low-molecular-weight DNA was extracted from the transfected cells by the procedure of Hirt (14) . The The pSVR1-origin-minus mutant appears to transform NIH3T3 cells about threefold more efficiently than does the origin-defective SV40 mutant described by Gluzman (10; N. Nicholson, unpublished observation). The basis for this difference is unclear. All dense foci arising in low serum were isolated and tested for nuclear T antigen by immunofluorescence. Since mockinfected NIH3T3 cells sometimes give rise to false dense foci, the number of dense foci generated by the two plasmids could not be quantitated with these cells.
Reduced anchorage growth in early passage pSVR1-origin-minus transformants. Transformed foci that arose in the low-serum and the anchorage assays were isolated for further analysis. The geneology of these clones and subclones is shown in Fig. 3 . Three clones isolated as dense foci in the low-serum assay were analyzed further for their ability to form colonies in high and low sera and in agarose (Table 1) . Colonies isolated from either pSVR1 or pSVR1-origin-minus transfection had comparable colony-forming ability in either high or low serum. In the anchorage assay, the three clones isolated from pSVR1 gave a similar number of colonies (Table 1) . However, plating efficiencies in agarose of three of the five pSVR1-origin-minus transformants were reduced. Only two of the clones isolated from pSVR1-origin-minus mutant transfection showed plating efficiencies similar to those of the wild-type clones, whereas the other three clones showed a 2-to 10-fold decrease in agarose growth ( Table 1 ). The difference in anchorage-independent growth of the clones was found to be related to their expression of large T antigen. 94K T and 100K super T are produced by wildtype pSVR1-transformed mouse cells. The original clones isolated from transfection with the wild-type pSVR1 plasmid were analyzed by immunoprecipitation to detect virus-specific proteins. The cells were labeled with [35S]methionine and immunoprecipitated with either normal hamster serum or hamster antitumor serum and analyzed on 10 to 20% gradient polyacrylamide gels (Fig. 4) . All clones examined showed the expected large T and small t antigens and also the nonviral 54K protein, which binds tightly to T antigen (18) . Seven of the 10 primary clones examined soon after isolation also expressed the lOOK super T antigen. The three remaining clones showed the lOOK T after 7 to 10 passages in culture (data not shown).
NIH3T3 cells transformed by SV40 virus strain 777 (Fig. 4, lanes A) showed both the 94K T and the 100K variant T. Plasmid transformant clone Ri-i (Fig. 4, lanes B) showed mostly the 94K T antigen and a trace amount of the 100K T. Clones Rl-4 (Fig. 4, lanes C) produced only the 94K T. Clone Ri-ll (Fig. 4, lanes D) contained both 94K and 100K T antigens. These three clones, Ri-i, Ri-4, and Ri-ul, were carried in culture for 3 months (about 15 passages), and
[35S]methionine-labeled cell extracts were then immunoprecipitated with hamster antitumor serum. All three clones now express 17K, 94K, and 100K proteins (Fig. 4, lanes E, F, (Fig. 3) . Soon after isolation these clones were labeled with [35S]methionine, and cell extracts were prepared and immunoprecipitated with hamster antitumor serum. All four clones expressed 100K, 94K, and 17K t antigens. Eight subclones were isolated from agarose, and all of these also expressed the 100K variant T antigen in addition to the 94K and 17K t antigens (data not shown).
Since these transformants were generated by a plasmid containing wild-type SV40 DNA, the sequences encoding the 100K variant protein that we and others have described earlier (2, 27) cannot have arisen from preexistent variant sequences in virus stocks, but must be a consequence of a frequent event occurring soon, but not necessarily immediately, after the infection of mouse cells by wild-type SV40 DNA. 94K T, but not lOOK super T, is produced in mouse cells transformed with pSVR1-origin-minus mutant plasmid. NIH3T3 cells were transfected with DNA from the pSVR1-origin-minus mutant plasmid. Five primary dense foci were picked from a low-serum assay and analyzed for (Fig. 5, lanes A and E) , showed considerably more 94K T than did the other three clones, Ori-3, Ori-4, and Ori-6 (Fig. 5, lanes B, C, and D) . Equal amounts of trichloroacetic acid-precipitable protein were used in the immunoprecipitation assay, so a difference in 94K T expression implies that different amounts of this protein are being synthesized, or that the 94K T in one clone is more stable than that in another. This clonal variation in 94K T antigen expression has been reproducibly observed in many experiments.
94K T production increased in pSVR1-originminus transformants upon subculture. Three primary clones, Ori-1, Ori-3, and Ori-6, were carried in culture for 3 months (about 15 passages The amounts of 94K and 100K T antigens on the autoradiograms were quantitated on a spectrophotometer equipped with a gel scanner (2) .
The relative amounts of the 94K T antigen present in each of the clones either shortly after isolation (3rd passage) or after 3 months in culture (15th passage) are presented in Table 2 . Shortly after isolation of these clones there was almost a 40-fold difference between Ori-1 and Ori-3 clones (Fig. 5, lanes A and B; Table 2 ). After the cells have been in culture for 3 months, the differences are reduced to only twofold ( Table 2) . The difference in 94K T antigen expression between Ori-1 and Ori-6 was about 10-fold shortly after isolation of the clone, but at the end of the 3-month period there was almost no difference between the two clones ( Table 2) . Ori-4 and Ori-7 were also examined at early passage; Ori-7 showed high levels of 94K T antigen, whereas Ori-4 showed very low amounts of 94K protein, similar to those or Ori-3 ( Table 2 ). These two clones were not further carried in culture.
The ability of pSVR1-origin-minus clones to form colonies in agarose is related to the amount of the 94K T antigen (Fig. 6 ). As described above, only two of the clones had plating efficiencies similar to those of the clones isolated from wild-type plasmid transfection ( Table 1) . The two clones are Ori-i and Ori-7, which contained considerably more 94K T antigen than Ori-3, Ori-4, and Ori-6 (Fig. 5, Table 2 ). The a For colony formation the cells were treated as described in footnote a Table 1 . For quantitation of 94K T and the 100K variant T antigens, the autoradiograms were scanned on a Gilford 250 spectrophotometer equipped with a Gilford 2520 gel scanner. The area under the peak was then determined. The third passage of the cells was shortly after isolation of the clones. Some of the clones were carried in culture for 3 months (about 15 passages). Table 2 . The slope of the line was determined by a leastsquares linear regression.
amount of 94K T in Ori-1 and Ori-7 is statistically indistinguishable from the total amounts of 94K and 100K T in pSVR1 clones (P > 0.20) ( Table 2) .
Ori-1, Ori-3, and Ori-6 were tested for their ability to grow in agarose after being in culture for 3 months. Ori-1 showed a plating efficiency of 24.4 + 1.0/1O4 cells plated, which is similar to the frequency obtained at earlier passage (Table  2) . Ori-3 now showed a plating efficiency of 15.0 ± 1.2/104 cells plated, which is about 10-fold higher than earlier passage ( Table 2 ). The amount of 94K protein remained about the same in Ori-1, whereas it increased by 25-fold in Ori-3 ( Table 2) . A 25-fold increase in T antigen therefore appears to have resulted in a 10-fold increase in plating efficiency in agarose. Ori-6 also showed an 11-fold increase in 94K T and a 2.5-fold enhancement in agarose growth.
Clones isolated from pSVR1 transfection did not show much change in total 94K and 100K T antigen expression with passage (Table 2) . In one clone, the amounts of 94K and 100K T antigen seemed to be regulated inversely, that is, an increase in 100K T resulted in a decrease in 94K T. Growth in agarose also remained essentially the same from the 3rd to the 15th passage (Table 2 ). Small t antigen did not consistently vary from clone to clone (data not shown).
In wild-type pSVR1 clones, anchorage-independent growth appears to be regulated by both 94K and 100K T antigens. By the time the agarose colonies were scored (3 weeks after plating), most, if not all, of the clones probably expressed 100K T. In the Ri clones both anchorage-independent growth and the sum of 94K and 100K T antigens were approximately the same from clone to clone (Table 2) .
Twenty-five subclones were isolated from four primary pSVR1-origin-minus clones, 10 of which were subclones picked from agarose. None of the clones examined by immunoprecipitation showed even trace amounts of the 100K variant T antigen (data not shown). Ori-3 is one of the clones that showed only a small amount of 94K T antigen. We isolated subclones of Ori-3 with higher level of 94K T protein (data not shown). Similarly, from Ori-1, a clone with a higher amount of 94K T, subclones could be isolated (two of six) with lesser amounts of 94K T antigen. The capacity of these subclones to grow in agarose has not been tested. Of the 15 subclones, 8 showed higher amounts of 94K T; 8 of the 10 agarose subclones also showed more 94K protein. Apparently, clonal variation in expression of 94K T continues to occur even after many passages of the cells.
In summary, transformants from wild-type pSVR1 DNA gave rise to primary clones with or without 100K variant T antigen, but with passage and subcloning all clones express this variant T. In contrast, pSVR1-origin-minus transformants never express the 100K variant T antigen. Most pSVR1-origin-minus clones ultimately produce levels of 94K T similar to that of the total amounts of 94K and 100K T in wild-type pSVR1 transformants, and these clones behave like wild-type SV40-transformed cells in the anchorage assay.
Structure of SV40 DNA in mouse cells transformed by pSVR1 or pSVR1-origin-minus plasmids. We have begun to study the integrated viral DNA in the pSVR1 and pSVR1-originminus transformants from the third passage as described above. A combination BglI and BamHI digestion liberates a 2.7-kb fragment of DNA from normal SV40 DNA (Fig. 7A, lane R) . This fragment is generated by the same set of enzymes in three pSVR1 clones, R1-1, Rl-4, and Ri-ll (Fig. 7A, lanes A, B, and C, respectively) . In the case of pSVR1-origin-minus transformants, the same size fragment should be liberated by BamHI alone, since a BamHI site has replaced the BglI site at the SV40 origin of replication. This result is shown for three clones, Ori-1, Ori-3, and Ori-6 (Fig. 7A, lanes D E, and F, respectively). As expected, BamHI digestion alone did not generate a 2.7-kb fragment from the pSVR1 transformants (Fig. 7A,  lanes G, H, and I) .
We considered the possibility that the difference in T-antigen expression between pSVR1-origin-minus clones at early and late passage was disparity in the amount of SV40 T antigen. All clones and subclones isolated from this plasmid showed both 17K t and 94K T antigens, but none showed the variant 100K T antigen. Instead, some of the clones initially showed 40-to 50-fold lower amounts of the 94K T antigen. This reduced 94K T-antigen expression was reflected in the reduced ability of these clones to form colonies in agarose.
One explanation for our results is that sequences encoding the 100K variant T antigen come about from replication of the input DNA during integration. Extensive rearrangements involving both the input DNA and the flanking host sequences after SV40 infection have been shown before (1, la, 3, 5, 15, 16, 24) . Lacking a functional SV40 origin, the input DNA cannot replicate and therefore probably cannot rearrange. This may be why the 100K super T cannot be generated in cells isolated from pSVR1-origin-minus plasmid transfection. However, it is important to note that some wild-type pSVR1-transformed clones apparently contain only a wild-type-sized BglI-BamHI early region (2.7 kb), and nevertheless synthesize the 100K T antigen (Fig. 4 and 7) .
pSVR1-origin-minus plasmid is unable to replicate in permissive monkey cells. However, this plasmid remains able to transform mouse cells. The separation of replication and transformation in SV40 has been shown previously by Gluzman et al. (8) (9) (10) . Although a functional origin of replication and T are both required for the replication of the virus, the former is not needed in transformation. Recently Clayton et al. (4) reported transformation of rat cells with a plasmid encoding a 145K super T, but not wild-type 94K T antigen. Despite retention of a functional origin, this plasmid cannot replicate in permissive monkey cells, probably due to a defect in the 145K super T antigen.
Blanck et al. (la) used the SV40-transformed Swiss-3T3 SV101 cell line and its subclones and revertants to show that anchorage-independent subclones of SV101 retain more defective SV40 DNA than do anchorage-dependent subclones. With a set of restriction enzymes, defective SV40 DNA fragments of 4.3 or 3.7 kb were seen in SV101 and all anchorage-independent subclones of SV101. The 100K variant T antigen was shown to correlate with anchorage-independent growth (2) . Therefore, it seemed likely that in SV101 the 100K protein is encoded by either one or both of the defective DNAs. To compare 100K-encoding sequences, we are now examining in detail the SV40 DNA patterns in cells isolated from both wild-type pSVR1 and mutant pSVR1-origin-minus transfection. In addition, SV40-containing sequences from SV101 DNA have recently been obtained by cloning into bacteriophage lambda (A. Levitt, manuscript in preparation). Whether the same 100K T antigen is encoded by one of these DNA fragments, and what role the SV40 origin plays in the generation of these fragments, will be determined.
Some of the clones isolated from pSVR1-origin-minus transfections originally showed a reduced level of the 94K T antigen relative to other clones. The conversion to higher level producers of 94K T observed at later passage in these clones probably is not due to amplification of the integrated SV40 DNA. Also, methylation at both new HpaII sites near the origin of replication is apparently not responsible for the differences observed in 94K T-antigen expression. We are in the process of determining whether the dramatic increase in T-antigen expression results from a higher rate of transcription or a posttranscriptional modification that renders the protein or RNA more stable or both.
